Abstract The tibial attachments of the individual anteromedial (AM) and posterolateral (PL) fibre bundles and the entire attachment of the anterior cruciate ligament are described, relating them to consistent bony landmarks; 55 fresh-frozen specimens were measured. The fibre bundles were separated and excised at their attachments and their peripheries marked with a pen. High-resolution scaled digital photographs were taken of each dissected specimen and transferred onto a computer for analysis. A wide variation was found when using the posterior tibial axis, the anterior tibial surface and the medial tibial spine as reference points. The most consistent measurements used the tibial interspinous ''over-the-back'' ridge as a datum. The attachments of the PL and AM bundles were centred 10 ± 1 mm (mean ± SD) and 17 ± 2 mm anterior to the over-the-back ridge. They were 4 ± 1 and 5 ± 1 mm, respectively, lateral to the medial tibial spine border. The positions of 6 mm circles in the posterior-medial limits of the fibre bundles (representing tunnels in a double-tunnel reconstruction) were measured. The overall dimensions of the tibial plateaux correlated significantly with many measurements. The results from this study could be used to guide ACL reconstruction techniques.
Introduction
The accurate placing of the graft tunnels is critical to success in anterior cruciate ligament (ACL) reconstruction. The tibial tunnel is usually placed in a relatively posterior location within the ACL attachment, thus avoiding femoral notch impingement and possible damage to, or rupture of, the graft when the knee extends [3, 10] . Biomechanical and anatomical studies have shown that the ACL is not an isometric structure, but rather composed of two functional fibre ''bundles'' that have different tensions at different angles of flexion of the knee [2, 8, 16, 18, 19] . Ferretti et al. [7] have recently published a work on fetal ACL morphology describing distinct AM and PL bundles. The ACL fibres can be separated from each other into an anteromedial (AM) fibre bundle and a posterolateral (PL) fibre bundle referring to their attachment areas on the tibia (Fig. 1 ) by flexing and extending the knee to display their different tightening/slackening behaviour. In particular, the PL bundle becomes tight in knee flexion angles between 0°and 30°, whilst the AM bundle remains tight throughout flexion when an anterior displacement force is applied [2, 5, 19] , allowing clear differentiation to be made between the two bundles. This is similar to that reported by Sakane et al. [18] who used strain gauges to differentiate between the two bundles whilst passively flexing the knee. As ACL reconstruction surgery evolves, the use of a double-bundle technique is being explored in order to more closely imitate the natural anatomy and function, in terms of anterior laxity and tibial rotation, than that attained by single-bundle grafts. Although double-bundle reconstructions that only utilise one tibial tunnel and two femoral tunnels have been described [22, 23] , it is normally accepted that an ''anatomic'' ACL reconstruction has two tunnels in both the tibia and femur, giving two grafts in parallel within the extended knee. Placement of the tibial tunnels will have similar constraints on them as in the single-tunnel technique for ACL reconstruction, principally trying to avoid femoral intercondylar notch impingement onto the graft [10] . In order to be able to navigate accurately to the correct graft tunnel locations, details are needed of the intra-articular ACL attachment anatomy and geometry. The authors are aware of only one study that gave quantitative data describing the locations of the tibial ACL bundle attachments [21] . Such data are needed for the design of drill guides and computer-assisted surgery software.
The aims of this study were to provide an accurate description of the positions of the AM and PL fibre bundles and related ACL reconstruction tunnel positions using anatomical bony landmarks, and to relate the anatomical positions of the fibre bundles to the size of the knee. This first part of the work describes the tibial ACL attachment.
Materials and methods
Thirty-two disarticulated tibial plateaux and 23 articulated specimens with ACLs intact were examined. The specimens had not been fixed, but had been frozen and used in other studies. The ages of the specimens were not known in all cases, but most were between 65 and 80 years old and none had degenerative changes judged likely to affect this study.
In all specimens, the ACL was dissected by removing the synovium, sharply detaching the anterior attachment of the lateral meniscus, revealing the lateral ACL border, and removing the anterior soft tissues to reveal the anterior limit of the ACL. The attachment of the posterior horn of the lateral meniscus was intimately associated with the posterior border of the ACL, marking its posterior limit, and was sharply excised. The medial border of the ACL was confluent with the medial tibial plateau articular cartilage.
In the disarticulated specimens the ACL consistently demonstrated two fibre bundles when held in tissue forceps and tension applied proximally (i.e. perpendicular to the tibial plateau). The fibre bundles were separated proximally and the plane of separation developed bluntly to the tibial attachment. In the articulated specimens the ACL fibre bundles were identified and separated bluntly based on their fibre orientations and tensioning patterns on anterior drawer at 90°flexion and external rotations that resulted in the AM fibre bundle becoming more taut than the PL. This was confirmed by viewing the increase in tension in the PL bundle as the knee was extended from 30°to 0°. The demarcation between them was bluntly dissected to its tibial origin. The fibre bundles were then isolated with ties and cut in their midsubstance (Fig. 1a) . The tibia was then separated from the femur.
In all specimens the fibre bundles were excised at their attachments and their peripheries marked with a pen, or scored with a fine osteotome, for ease of identification (Fig. 1b) .
High-resolution scaled digital photographs were taken of each dissected specimen.
The anterior edge of the tibial surface was defined as the point where the tibial plateau first sloped inferiorly, consistent with a line connecting the anteriormost edges of the medial and lateral tibial condyles (point A in Fig. 2 , and line A in Fig. 3) . The apex of the medial tibial spine (point B in Figs. 2, 3) , and the lateral border of the medial tibial spine (line C in Fig. 3 ) were located and marked on the specimens with a pen. The ''over-the-back'' ridge (point D in Fig. 2 and line D in Fig. 3 ) was a transverse interspinous ridge on the apex of the posterior slope of the tibial plateau, just anterior to the posterior cruciate ligament (PCL) attachment. It was located using a 2 mm diameter K-wire with a 60°bend 5 mm from its tip as a guide. This method was arrived at through a trial of different angled tips (90°, 60°and 45°) and finding the shape that best fitted the posterior slope of the tibial plateau. The interspinous ''over-the-back'' landmark was described by Hutchinson and Bae [11] ; it is not the same as going over the back of the tibial intercondylar shelf, as in PCL reconstruction. The posterior tibial axis (E) was defined as a line connecting the posterior limits of the medial and lateral condyles. The width (F) was defined as the maximal mediolateral (ML) distance parallel to the posterior tibial axis, and the depth (G) was defined as the maximal anteroposterior (AP) distance perpendicular to the posterior tibial axis (Fig. 3 ). Measurements were taken in an AP direction in relation to the posterior tibial axis E, the anterior tibial axis A, and the ''over the back'' position. Measurements were taken in the ML direction from the lateral border of the medial tibial spine, and from the medial edge of the tibial plateau, to the centres of the two ACL fibre bundles.
Further ACL bundle attachment data were obtained by using computer graphics. Best-fit ellipses were fitted into the marked ACL fibre bundle attachments; the centres of these defined the centres of the two fibre bundle attachments (Fig. 4a) .
A 6 mm diameter circle was positioned at the posteromedial limits of each fibre bundle to represent the drill holes required for double-tunnel reconstruction (Fig. 4b) . The position of these circles provided space for a bone bridge between them and placed the AM tunnel in as posterior a position as possible so as to avoid possible impingement. Finally, the centre of the whole ACL attachment was found in the AP and ML directions and measurements to these points were taken from the various landmarks (Fig. 4c) .
In order to relate the bundle attachments to the overall size of the tibial plateau, Pearson correlation coefficients were calculated using the tibial plateau AP depth and ML width as the independent values, with the different measurements from the various landmarks as dependent values. These correlations were taken to be statistically significant for P \ 0.05.
Results
The tibial plateaux had a mean ML width of 80 ± 6 mm (66-90) and AP depth of 52 ± 5 mm (39-64). The transverse interspinous ''over the back'' ridge was a mean of 19 mm (39%) anterior to the posterior tibial axis E and 30 mm (61%) posterior from the anterior tibial axis A. A wide variation was found in ACL attachment shapes and sizes (Fig. 5) . In midsubstance, the two fibre bundles were grossly of similar diameter. (Quantitative analysis of the ACL cross-section has been reported previously [9] and does not form part of this study.) The AM fibre bundle expanded considerably as it neared the tibia, so there was a relatively large AM fibre bundle attachment as compared to the PL fibre bundle attachment. The basic pattern of an AM and a PL bundle was demonstrated in 47 of 55 specimens, with 8 of 55 exhibiting a more direct anterior and posterior bundle configuration (e.g. Fig. 5 , specimens 17 and 29). The AP length of the ACL attachment was 18 ± 2 mm (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . This correlated to the size of the tibial plateau: r = 0.46, P = 0.0005 for ML width; r = 0.34, P = 0.0118 for AP depth.
Measurements to the centre of the ACL The centre of the ACL attachment was 35 ± 5 mm (26-57) from the posterior tibial border. This was 64 ± 5% (53-74) of the maximum tibial AP depth (r = 0.51, P = 0.016). The centre of the ACL was 15 ± 2 mm (11) (12) (13) (14) (15) (16) (17) (18) anterior from the ''over-the-back'' ridge (r = 0.36, P = 0.091 versus AP depth of plateau). The ML width of the ACL attachment was 9 ± 2 mm (7-14). The centre of the ACL was 5 ± 1 mm (3-7) lateral from the medial tibial spine border, and 37 ± 4 mm (30-44) from the medial border of the tibial plateau. Both measurements had a significant correlation with the total ML width of the tibial plateau (r = 0.8, P \ 0.0001).
Measurements anterior from the ''over-the-back'' ridge
The over-the-back ridge gave the most reproducible measurements in an anterior direction:
The centre of the PL fibre bundle was 10 ± 1 mm (8-13) and the AM fibre bundle 17 ± 2 mm (13-19). These had some correlation with the size of the plateau. In relation to the AP depth, r = 0.64, P = 0.0011 for the PL bundle; r = 0.37, P = 0.087 for the AM. In relation to the ML width, r = 0.59, P = 0.0028 for the PL bundle: r = 0.25, P = 0.248 for AM. Fig. 5 A selection of ACL attachment shapes at the same scale and in the same orientation (right knee specimens have been mirror imaged to look like left knees). The scale is 1:1. The shapes are the actual sizes of the ACL tibial attachments. Note that the diagrams are aligned to the tibial posterior axis, which lead to tibial external rotation in some knees that had a small lateral plateau. This has rotated some of the attachments so that the AM bundle has moved laterally relative to the PL The PL 6 mm tunnel centre was 9 ± 0.5 mm (8-10), and the AM 6 mm tunnel was 16 ± 2 mm (12-18) anterior to the ''over-the-back'' ridge. These had stronger correlations with the overall dimensions of the tibial plateau (Table 1) .
Measurements anterior from the posterior tibial axis
The centre of the PL fibre bundle was 28 ± 3 mm (24-35), and the AM fibre bundle, 37 ± 3 mm (31-44) from the posterior tibial axis. The PL 6 mm tunnel was 29 ± 3 mm (24-34), and the AM 6 mm tunnel, 35 ± 4.0 mm (30-44). The distances from the posterior tibial axis to the centres of the bundle attachments correlated significantly with the ML width and the AP depth of the tibial plateaux (in relation to ML width: r = 0.78, P \ 0.0001 for the PL bundle; r = 0.89, P \ 0.0001 for AM. In relation to AP depth: r = 0.84, P = 0.0001 for PL bundle; r = 0.89, p \ 0.0001 for AM), as did distances to the tunnel positions (Table 1) .
Measurements posterior from the anterior tibial axis
The distance posteriorly from the anterior tibial surface to the centre of the PL fibre bundle was 21 ± 3 mm (13-26), and the AM fibre bundle, 12 ± 2 mm (7-17). These also correlated to the size of the tibial plateau (in relation to ML width: r = 0.59, P = 0.0028 for PL bundle; r = 0.43, p = 0.0429 for AM bundle. In relation to AP depth: r = 0.65, p = 0.008 for PL; r = 0.43, p = 0.0388 for AM).
The centre of the 6 mm PL tunnel was 21 ± 3 mm (17-24), and the 6 mm AM tunnel was 13 ± 3 mm (7-17) posterior to the anterior tibial surface.
Measurements lateral from the medial tibial spine
The distance from the lateral border of the medial tibial spine to the centre of each fibre bundle attachment was 4 ± 1 mm (3-5) for the PL fibre bundle and 5 ± 1 mm (3-8) for the AM fibre bundle. The PL 6 mm tunnel was 4 ± 1 mm (2-7) lateral to the medial tibial spine, and the AM 6 mm tunnel was 4 ± 1 mm (2-6). These small dimensions did not correlate to the sizes of the tibial plateaux (e.g. r = 0.19, P = 0.374 for PL bundle; r = 0.17, P = 0.432 for AM in relation to ML width of plateau).
Discussion
This study has found that intra-articular landmarks on the tibial plateau, the ''over the back'' ridge and the lateral face of the medial tibial spine, could be used as starting points from which to locate the centre of the ACL attachment, and also the attachments of the AM and PL bundles. Because these bony landmarks are very close to the ACL attachment, the distances between the landmarks and the centres of the ACL bundle attachments do not vary much, despite the range of overall knee sizes, so they are the most precise means for locating the centres of the fibre bundle attachments. Their location near the centre of the tibial plateau also means that they are easily accessible arthroscopically. This means that their use, with instruments designed to reference from them, should lead to consistently accurate placement of graft tunnels for either single-or doublebundle ACL reconstruction. An important aspect of this method is that it defines both the AP and ML positions, a fundamental principle for finding a position on a surface. This is necessary in order to avoid graft impingement on the edges of the femoral intercondylar notch.
Previous authors have described reference points to position single tibial tunnels in ACL reconstructions. The posterior tibial axis gave results similar to other studies when measuring the AP position of the centre of the ACL tibial attachment [1, 10, 20] . Howell [10] used the femoral notch roof to guide the position of the tibial tunnel, and Hutchinson and Bae [11] used an ''over-the-back'' position based on the anterior border of the PCL as a reference.
''Point-and-shoot'' drill guides are used most frequently for the tibial graft tunnel, where the surgeon visualises the optimal position and places the point of the guide into the ACL attachment based on the arthroscopic view. These guides rely on the judgement and experience of the surgeon; an instrument that locates on a bony landmark could require less skill and be more consistent. In addition, the present authors were not aware of publications on the use of a guide to position the tunnels in a double-bundle tibial technique.
Any landmark that is used as a reference point has to be accessible, easily recognised and provide accurate, reproducible measurements. Measurements from the posterior tibial axis may be used in the future when utilising computer guidance systems, especially as there is a strong correlation between the size of the tibial plateau and the measurements referenced from here. However, it is not an accessible reference landmark arthroscopically. Although measurements from the anterior tibial surface had similar ranges and standard deviations, defining the position of the anterior tibial surface is rather subjective and it is not visible arthroscopically. Similar problems of lack of practicality affect the anterior landmarks defined by Takahashi et al. [21] . It was not possible to measure accurately in the AP direction from the medial tibial spine because the exact AP position of its summit was not identified easily; this has been reported previously [11] . However, when measuring from the interspinous ''over-the-back'' ridge, the measurements showed small standard deviations and ranges. Hutchinson and Bae [11] described the ''over-the-back'' position and the anterior border of the PCL in flexion as the most reliable and accurate reference. Colombet et al. [6] published a similar study to ours in 2006 examining the ACL attachments of seven cadaveric knees. They also found the interspinous ridge (which they call the ''retroeminence ridge'') their most useful landmark. Their depictions of the tibial attachment of the ACL showed a mediolateral arrangement of the bundles in all their specimens. However, they described the centres of the bundles according to the ''parallel projection'' of the central fibres of the detached bundles and this resulted in the centres of the bundles being AM and PL within the ACL attachment in a similar arrangement to the results of this study. Similarly, Morgan et al. [15] developed a method of referencing off from the PCL itself. The PCL was not considered in this study because the authors were looking for bony landmarks only and were unsure of the reliability of using a deformable structure as the reference point. Chhabra et al. [5] recently published a work describing the importance of appreciating the double-bundle nature of the ACL. They produced arthroscopic, radiographic and cadaveric evidence of the bundles as separate anatomical structures in line with the work published by Ferretti et al. [7] . Our experience of dissecting cadaveric knees did not reveal the bundles to be two separate anatomical structures, but areas of the ACL that could be separated from each other into AM and PL fibre bundles by flexing and extending the knee to display their different tightening/ slackening behaviour.
In describing how they locate their tibial tunnels in reconstruction surgery, they report using soft tissue structures including the root attachment of the lateral meniscus (to identify the PL bundle), the PCL, and visualisation of the actual tibial attachment of the ACL's two bundles. Although the tibial attachment of the ACL is associated intimately with the meniscal attachments, we do not feel that their soft edges would provide positive locations for instruments.
The lateral positions of the bundle attachments from the medial tibial spine lateral border had weak correlations with the overall dimensions of the tibial plateaux, but these were small distances with smaller standard deviations and narrow ranges, so this does not imply lack of precision when measuring laterally from the nearby tibial spine.
The range of sizes of the specimens used in this study matched earlier publications [14, 20] . Similarly, the AP size of the ACL tibial attachment matched that reported by Odensten and Gillquist [17] . This suggests that the specimens used in this study were representative of the population. The authors are not aware of evidence to suggest that the ACL attachment varies with age, the specimens being older than ACL reconstruction patients. The advantages of working in vitro included the ability to gain better access for the measurements.
Quantitative data found in the literature (by Takahashi et al. [21] ) differed from the findings in this study: they found that the overall orientation of the tibial ACL attachment was predominantly in the ML direction, so the centre of the PL bundle was reported to be only 1.7 mm posterior to the centre of the AM bundle. It appears that we have made a different interpretation of the posterior extent of the ACL as it approaches the tibia. Takahashi et al. found the bundle centres around 29 and 32% of the overall AP depth of the proximal tibia, whereas Staubli and Rauschning [20] found the overall centre of the ACL tibial attachment at 43% in their cryosections. Our results report the bundle centres at 29 and 46%, and the centre of the ACL attachment at 36% of the AP depth of the tibia.
We have presented data for the graft tunnel positions that can either be at the centres of the bundle attachments or else at their posteromedial areas. Drilling the tibial tunnel too anteriorly results in notch impingement with the knee in extension. This can result in a loss of extension or graft damage [10] and the formation of a ''cyclops'' lesion [13] . Ikeda et al. [12] reported that anterior placement of the tibial drill hole resulted in greater AP translation than in their comparison group where the tibial tunnel was placed more posteriorly. Although we have received anecdotal reports and observed at surgery, that grafts placed at the centres of the bundle attachments do not cause graft impingement in anatomical double bundle ACL reconstruction, we have also presented data that gives the safest graft placement against impingement while still placing the grafts in the anatomical fibre bundle attachments.
In fact, this is suggesting that the tunnels are placed only 1 mm posterior to the centres of the bundle attachments. This small difference underlines the small margin of error in this surgery.
Future developments of computer-guidance systems for surgical procedures might utilise the correlation between the tibial plateau dimensions and the positions of the ACL or its bundles from the anterior and posterior tibial axes to cross-check the intra-articular measurements.
This study aimed to find a measurement method that would lead to the most consistent placement of tibial tunnels for both single-and double-bundle arthroscopic ACL reconstruction. This should be based on reliable anatomical landmarks to avoid a wide variation in positions between knees. It was found that this could be done by measuring from the interspinous ''over-the-back'' ridge in an anterior direction, and from the lateral surface of the medial tibial spine in a lateral direction.
